The development of the Drosophila leg is a good model to study processes of pattern formation, cell death and segmentation. Such processes require the coordinate activity of different genes and signaling pathways that progressively subdivide the leg territory into smaller domains. One of the main pathways needed for leg development is the Notch pathway, required for determining the proximo-distal axis of the leg and for the formation of the joints that separate different leg segments. The mechanisms required to coordinate such events are largely unknown. We describe here that the zinc finger homeodomain-2 (zfh-2) gene is highly expressed in cells that will form the leg joints and needed to establish a correct size and pattern in the distal leg. There is an early requirement of zfh-2 to establish the correct proximo-distal axis, but zfh-2 is also needed at late third instar to form the joint between the fourth and fifth tarsal segments. The expression of zfh-2 requires Notch activity but zfh-2 is necessary, in turn, to activate Notch targets such as Enhancer of split and big brain. zfh-2 is controlled by the Drosophila activator protein 2 gene and regulates the late expression of tarsal-less. In the absence of zfh-2 many cells ectopically express the pro-apoptotic gene head involution defective, activate caspase-3 and are positive for acridine orange, indicating they undergo apoptosis. Our results demonstrate the key role of zfh-2 in the control of cell death and Notch signaling during leg development.
Introduction
Arthropods have evolved a wide range of appendages, with quite different sizes and forms. Some characteristic appendages, like legs or antennae, are subdivided into different segments with particular species-specific morphologies. The mechanisms required for the development of the appendages are being studied in model organisms such as Drosophila melanogaster.
Drosophila legs are subdivided into several segments: coxa, trochanter, femur, tibia, five tarsal segments (forming the tarsus), and the pretarsus, at the distal end of the leg. The legs of Drosophila derive from the imaginal leg discs, which are formed during embryogenesis and proliferate throughout the larval period. As the leg disc grows, it is subdivided into different genetic domains along the proximo-distal (P/D) axis. Thus, homothorax specifies the proximal leg, dacshund determines intermediate leg patterns and Distal-less (Dll) defines the distal part of the leg including the tarsal region (reviewed in Kojima, 2004 and Estella et al., 2012) .
A complex regulatory network progressively defines the tarsal domain during late larval stages: first, Dll activates a set of genes like tarsal-less (tal), rotund (rn), spineless-aristapedia and bric à brac that, together with the gene lines, roughly define the tarsal region (Kerridge and Thomas-Cavalli, 1988; Agnel et al., 1989; Godt et al., 1993; Duncan et al., 1998; Chu et al., 2002; Couderc et al., 2002; St. Pierre et al., 2002; Galindo et al. 2007; Pueyo et al., 2008; Greenberg and Hatini, 2009) ; second, the graded activity of the Epidermal growth factor receptor (Efgr) pathway along the distal tarsus directs the expression of some of the aforementioned tarsal genes plus others like Bar or apterous, which display a more restricted pattern of expression (Campbell, 2002; Galindo et al., 2002) ; finally, regulatory interactions among tarsal genes specify the different tarsomeres (Kojima et al., 2000; St. Pierre et al., 2002; The activity of the Notch pathway is indispensable for proper leg development as strong leg malformations occur in the absence of Notch signaling. The tarsus is particularly affected, with fusion and shortening of tarsal segments (Shellenbarger and Mohler, 1978; Parody and Muskavitch, 1993; de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Mishra et al., 2001) . The Notch pathway is required for leg development at two developmental stages (de Celis Ibeas and Bray, 2003) : there is an early requirement to establish size and shape along the proximo-distal (P/D) axis and a second wave of Notch activity, at the end of the third larval stage, to form the leg joints (de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Mishra et al., 2001; de Celis Ibeas and Bray, 2003) .
Leg joints are flexible pieces of cuticle prefigured by folds that develop in the leg disc epithelium during early pupal stages separating different segments (Manjón et al., 2007; Shirai et al., 2007) . There are two types of leg joints: those subdividing the tarsus can be distinguished from the more proximal ones and the tarsus/pretarsus joint (a.k.a. "true" joints) by several criteria: a) muscles only anchor in the true joints (Miller, 1950; Mirth and Akam, 2002) ; b) true joints bear a more complex morphological organization (Bishop et al., 1999; Mirth and Akam, 2002) ; c) genes like odd-skipped (odd), nubbin (nub), brother of odd with entrails limited (bowl; Bowl protein), drumstick (drm), and sister of odd and bowl (sob) are expressed in true joints at late larval or early pupal stages, whereas others like deadpan, tal or the A101-lacZ reporter are expressed just in tarsal joints (Rauskolb and Irvine, 1999; Mirth and Akam, 2002; Hao et al., 2003; de Celis Ibeas and Bray 2003; Greenberg and Hatini, 2009; Pueyo and Couso, 2011; Turchyn et al., 2011) ; and d) cell death is needed only for the formation the tarsal joints (Manjón et al., 2007) .
In spite of these differences, Notch signaling is a common signature in joint formation. Both Serrate (Ser) and Delta (Dl), ligands of the Notch receptor, are expressed proximally to the region that will form the joints (de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Mishra et al., 2001 ) and activate the pathway in some of the cells that will invaginate to form the fold and the future joint. If the Notch signaling pathway is repressed, joints are abnormal or absent (Shellenbarger and Mohler, 1978; Parody and Muskavitch, 1993; de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Mishra et al., 2001) . Notch regulates joint development through the activity of different targets, some of them exclusive for true or tarsal joints, while others, like Enhancer of Split (E(spl)), big brain (bib) or four jointed, are common to all the joints (Villano and Katz, 1995; de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999) . How Notch signaling determines the P/D pattern and joint formation is still unknown, but some Notch targets are required for both processes (Hao et al., 2003; de Celis Ibeas and Bray, 2003; Zeidler et al., 2000; Kerber et al., 2001; Monge et al., 2001; Ciechanska et al., 2007; Greenberg and Hatini, 2009; Pueyo and Couso, 2011) .
We describe here a new role for the zinc finger homeodomain-2 (zfh-2) gene in distal leg development. zfh-2 codifies a transcription factor required for the correct size and pattern of the leg segments. zfh-2 is required in early larval development to form the proximo-distal axis and also at late larval stages to develop at least the joint between the fourth and fifth tarsal segments. The Notch pathway regulates zfh-2 expression, but zfh-2 is also needed to regulate some Notch targets like bib, E(spl) and tal. We have also found that zfh-2 suppresses the expression of the proapoptotic gene head involution defective (hid), thus preventing ectopic cell death. The increased or ectopic expression of zfh-2 represses Notch downstream genes and alters apoptosis and P/D pattern in the tarsus. We demonstrate that zfh-2 regulates Notch signaling and cell death and so allows the proper development of the distal part of the leg.
Material and methods

Genetics
The dAP-2 11 and dAP-2 15 mutants are, respectively, a strong hypomorph and a null mutant for the dAP-2 gene , zfh-2 1-M707R and zfh-2-Gal4 MS209 are mutants for zfh-2 (Sun et al., 2000; Whitworth and Russell, 2003) and the pk sple mutant makes extra joints in the tarsal segments (Held et al., 1986) . The following P-lacZ reporters were used: hid-lacZ W05014 (Grether et al., 1995) , hid-lacZ 20-10 (Fan et al., 2010) , tal-lacZ (Galindo et al., 2007) , dve-lacZ (dve K06515 ) (Spradling et al., 1999; Carr et al., 2005) and bib-lacZ (Hao et al., 2003) . Enhancer of split expression was detected with the E(spl)mβ-CD2 reporter (de Celis et al., 1998) . The GAL4-UAS system (Brand and Perrimon, 1993) was used to express different transgenes with the following drivers: hh-Gal4 (Tanimoto et al., 2000) , rn-Gal4 (St. Pierre et al., 2002) , ci-GAL4 (Croker et al., 2006) , Dll-Gal4
MD23
, LP30-Gal4 and ap-Gal4 (Calleja et al., 1996) , and the following UAS constructs: UAS-GFP (Ito et al., 1997) , UAS-P35 (Hay et al., 1994) , UAS-Diap1 (Hay et al., 1995) , UAS-Ni MH504 (de Celis and Bray, 1997), UAS-dstal (Pueyo and Couso, 2011) , UAS-tkv DN (Haerry et al., 1998) , UAS- Presente et al., 2002) , UAS-zfh-2RNAi (Terriente et al., 2008) , UAS-Dcr-2 (Dietzl et al., 2007) , UAS-dveRNAi (Vienna Drosophila RNAi Center) and UAS-zfh-2RNAi 13305 (Vienna Drosophila RNAi Center).
Temperature change experiments
We have used the tub-Gal80 ts line to temporally modulate the expression of genes expressed under Gal4 control (McGuire et al., 2003) .
Clonal analysis
Dll clones were induced in hsflp122; FRT42D Dll SA1 / FRT42D Ubi-GFP early third instar larvae between 72-96 h after egg laying with a 1 h HS at 37 1C.
Ectopic expression of zfh-2
To drive ectopic expression of the full-length 332 kDa Zfh-2 protein we used the Minos Hostile takeover (Hto) transposon (GenBank #JN049642) insert named Mi[Hto-WP]EAB. The insert splices a FLAG tag þmCherry RFP exon to the endogenous zfh-2 coding region, under UAS control (Perea et al., 2013) .
In situ hybridization
It was done according to standard protocols. The dAP-2 RNA probe was synthesized using the dAP-2 cDNA RE17884 (BDGP; Stapleton et al., 2002) as a template.
Immunochemistry
It was done according to standard protocols (Sullivan et al., 2000) with the following antibodies: rat anti-Zfh-2 Tran et al., 2010) , rat anti-Ser (Papayannopoulos et al., 1998) , mouse anti-Dll (Duncan et al., 1998) , mouse anti-CD2 (Serotech), guinea-pig anti-Hid (Shlevkov and Morata, 2011), rabbit anti PMad (Tanimoto et al., 2000) , rabbit and mouse anti-β-galactosidase (Cappel and Promega), rabbit anti-phospho-Histone H3 (Millipore) and rabbit anti-caspase-3 Cell Signaling Technology) . Antibodies against F-actin were used coupled to different fluorophores: TRITC-phalloidin, PhalloidinAtto 488 and Phalloidin-Atto 647N (Sigma Aldrich). Secondary antibodies were coupled to Red-X, FITC y Cy5 fluorochromes (Alexa Fluor Dyes, Invitrogen). To-Pro-3 (Invitrogen) was used to mark nuclei.
Electronic microscopy
It was done as previously described (Manjón et al., 2007) .
Time-lapse movies
Films were taken from isolated cultured imaginal discs, as in Prasad et al., 2007 and Aldaz et al., 2010 with small modifications. Ex-vivo cultures of leg disc was achieved by mounting the dissected discs in 35 mm glass bottom culture dishes coated with Poly-D-Lysine (P35GC-1.5-10-C Mattek Corporation). Time-lapse movies were obtained in an inverted confocal microscope (510 LSM Zeiss) at room temperature and the duration of the film was from 2 h to 5 h depending on each experiment. Images were taken every 2-5 minutes also depending on each experiment. In vivo culture medium is made by Schneider's medium (11720-034, Invitrogen), supplemented with 15% FBS (10106-169, Invitrogen) and 0,5% Penicillin-Streptomycin (15140-122, Invitrogen). To reproduce ex-vivo imaginal disc eversion, 20-Hydroxyecdysone (H5142, Sigma-Aldrich) was added at a final concentration of 0,1 μg/ml. To avoid big movements of the discs during timelapse experiments, methylcellulose (M0387-100G, Sigma) was used at a final concentration of 0,4%. For cell membranes labeling the FM464 dye (T3166, Molecular Probes) was added to the medium (modified from Mirth, 2005) . To visualize apoptosis, fly vials made with instant dry food (173204 Formula 4-24, Carolina) were supplemented with 100 μg Acridine orange per vial (A6014, Sigma); Acridine Orange is used to identify dying cells in Drosophila (White et al., 1994) . Movies were mounted with Fiji/Image J software.
Measurements and statistical analysis
To measure the size of adult tarsal segments we used the measure tool of Adobe Photoshop on pictures of legs taken at the same magnification. To count the number of cells marked with an antibody against phospho-Histone-3 we quantified the number of these cells in all the optical sections obtained per disc with the Image J/Fiji software.
Statistical differences between mean values of experimental groups were tested for statistical significance by one-way ANOVA followed by D'Agostino Pearson test to check normal distribution of data groups. When data groups did not show a normal distribution, the non-parametric test of Kruskal-Wallis tested the differences between mean values of experimental groups. Error bars represent the SD (Standard Deviation) of each data group. The statistical significance assigned was p o0.05. The statistical analysis was carried out with GraphPad software.
Results
Expression of the zfh-2 gene in the leg disc
From a screen aimed to isolate Gal4 lines (Calleja et al., 1996) , we selected a line (LP30-Gal4) that in pharates directed Gal4 expression to leg joints among other places (Fig. 1A) . This Gal4 line is inserted in the zinc finger homeodomain-2 (zfh-2) gene (Terriente et al., 2008; X. Franch-Marro and J. Casanova, personal communication) and is lethal over two other P-element insertions: zfh-2-Gal4 MS209 , inserted in the zfh-2 gene (Whitworth and Russell, 2003) and zfh-2 1-M707R , which fails to complement insertions in this same gene (Sun et al., 2000) . We have renamed this Gal4 insertion as zfh-2-Gal4 LP30 .
The Drosophila zfh-2 gene codes for a protein with 3 homeodomains and 16 zinc fingers , and it is required for the development of the embryonic nervous system Lundell and Hirsh, 1992) and of the wing disc hinge (Whitworth and Russell, 2003; Terriente et al., 2008) . Accordingly, zfh-2-Gal4 LP30 drives expression in the wing disc reproducing the pattern of the zfh-2 protein (Terriente et al., 2008 and data not shown). However, its function in leg development has not been described yet. To analyze this role we first studied the distribution of the Zfh-2 protein in leg imaginal discs by using an anti-Zfh-2 antibody Tran et al., 2010) . At the early third larval stage, there is a faint Zfh-2 signal in the centre of the leg discs, which is more readily visible at the middle of this stage, when it coincides with Dll expression (Fig. 1B-B′′) . As the leg disc matures, several outer rings of Zfh-2 expression are successively observed (Fig. 1C, D) . In accordance with the pupal zfh-2-Gal4 LP30 expression in leg joints (Fig. 1A) , strong zfh-2 expression is observed in cells of everting pupal leg discs that will contribute to the formation of the joints (Fig. 1E) , with more intense signal in cells abutting those forming the tarsal folds and weaker signal more proximally and distally in each tarsal segment (Fig. 1F , F′, G). There is also strong signal in the pretarsus, the distal part of the leg (see Fig. 1F , arrowhead) and in the leg tendon that reaches the pretarsus (Fig. 1H , arrow).
To delimit zfh-2 expression we carried out double staining of Zfh-2 with Serrate, a Notch ligand that marks cells adjacent and proximal to those forming the joints (Fig. 1H-H′′) , and with E(spl) mβ-CD2, a Notch target reporter labeling cells that will develop the joint (de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Fig. 1I J′) . Our data show that zfh-2 is strongly expressed during pupal stages in ring-like domains in the distal part of each segment, and that this strong expression coincides with that of the distal E(spl) domain. The evolving distribution of Zfh-2 we have described for the leg discs is reproduced in the antennal part of the eye-antennal disc ( Fig. S1A -B′′) and mimicked by the expression driven by the zfh-2-Gal4 LP30 insertion in the leg disc ( Fig. S1C -C′′).
zfh-2 Is required to form the distal leg
The strong expression of the Zfh-2 protein in the distal region of each leg segment suggested a role for this gene in joint formation. To check this, we decided to inactivate this gene and look to the phenotypic effect. As the zfh-2-Gal4 LP30 insertion is lethal and zfh-2 is located in the fourth chromosome, where mosaics are difficult to generate, we decided to make a UASRNAi construct (UAS-zfh-2i) that would silence the gene under Gal4 control (described in Terriente et al., 2008) . Two lines with this construct (15.1 and 19.3) were used in our experiments. We also took advantage of the existence of another UAS-zfh-2i transgene from the Vienna stock collection (Dietzl et al., 2007) to inactivate zfh-2 (line VDRC). Both constructs strongly reduce Zfh-2 protein expression when directed to different domains of imaginal discs (Terriente et al., 2008 ; Fig Clones expressing the zfh-2RNAi construct (line 19.3) cellautonomously reduce zfh-2 expression (data not shown). However, to reinforce this inactivation, we introduced either another UASzfh-2RNAi insertion or the UAS-Dicer-2 (Dcr-2) construct (Dietzl et al., 2007) into some of our mutant combinations. The two RNA interference constructs are directed against different regions of the zfh-2 RNA (data not shown) and the RNAi construct previously described (Terriente et al., 2008) was checked with the DsCheck software (Naito et al., 2005 ; http://dscheck.rnai.jp) for possible offtargets (with 0 mismatches) and found to have none. Therefore, we conclude that the results obtained with this line (and even more, the similar results obtained with both RNAi lines) are due to the genuine inactivation of zfh-2.
The reduction of zfh-2 expression in either the fourth tarsal segment (t4), the posterior or the anterior compartments of the leg discs, in ap-Gal4 UAS-zfh-2i (Fig. 2C , D, compare with the wildtype in 2B; the ap-Gal4 prepupal pattern in t4 and straddling the t4/t5 boundary is shown in 2A), hh-Gal4 UAS-zfh-2i ( Fig. 2G ; Fig. S2H , J, K), or ci-Gal4 UAS-zfh-2i UAS-zfh-2i ( Fig. S2E, G ; the wildtype is in S2B, D) adults, respectively, leads to the elimination or malformation of tarsal joints and of the joint separating the tibia and the first tarsal segment (t1). This joint, or that between the t4 and t5, are more frequently affected. By contrast, we did not observe any major effect in more proximal joints like the femurtibia one (Fig. 2F , compare with the wildtype in 2E; Fig. S2E , F, the wildtype in S2B, C).
We also observed in these adults that the size and shape of the tarsal segments are abnormal: for instance, in hh-Gal4 UAS-zfh-2i adults the length and shape of the distal segments, particularly the basitarsus (t1), but not the most proximal segments like the femur or trochanter, are significantly altered ( Fig. 2G; Fig. S2H , J, compare with the wildtype in S2D, I). The abnormal tarsal segments are also observed when reducing zfh-2 expression with the ci-Gal4 driver (Fig. S2E, G) or, more strongly, with the Distal-less-Gal4 (Dll-Gal4) line (Fig. 2H) . To see if the strong size reduction was due to a lower number of dividing cells during larval development, we quantified, by using an anti-phospho-Histone 3 (PH3) antibody, the number of cells entering mitosis in Dll-Gal4 UAS-GFP/ þ; UAS-zfh-2i/tubGal80 ts and Dll-Gal4 UAS-GFP/ þ; tub-Gal80 ts /þ late third instar leg discs after a shift from 17 1C to 29 1C in the early third larval stage ( Fig. S2L, L′ ; M, M′). Counting of the PH3-positive cells in all the optical sections, however, showed no significant difference in the distal/proximal ratio of labeled nuclei in the mutant discs as compared to controls (Fig. S2N) . Other defects observed after down-regulation of zfh-2 include the elimination of claws ( Fig. 2H; S2G) , malformations in the distal tibia and, . (E) zfh-2 expression in a pk sple mutant leg disc. The arrowheads mark the duplicated Zfh-2 protein bands. (F-F''') A reduction in zfh-2 levels in the posterior compartment of prepupal leg discs (hh-Gal4/ UAS-Dcr-2 UAS-zfh-2i (line 19.3), marked by GFP (green in F, F′), reduces the signal of the E(spl)mβ-CD2 reporter (in white in F"', in blue in F; the asterisk marks the absence of CD2). See that in proximal regions the band of the E(spl)mβ-CD2 reporter is not affected (arrowhead). Phalloidin staining in F and F′′ (in red), shows the reduced folds in the mutant territory. (G, G′) When zfh-2 expression is reduced in the posterior compartment of the pupal leg discs (hh-Gal4 (line 19.3)/UAS-zfh-2i pupa; the posterior compartment marked by GFP, in green in G), bib-lacZ expression (in red in G, G′) is also reduced (asterisk in G′). Note that bib-lacZ expression in the pretarsus (arrow) and in proximal regions (arrowhead) is not affected. (H. H') In discs of the ap-Gal4 UAS-GFP/ þ; UAS-zfh-2i (VDRC line)/ þ genotype the expression of bib-lacZ (in red in H, H′) is reduced.
occasionally, changes in bristle arrangement and orientation in the t1 (Fig. S2O) .
The preceding results indicate that down-regulation of zfh-2 has a major effect in distal leg development, including a gross distal pattern alteration and the elimination or incomplete formation of some tarsal joints as well as the tibia-t1 joint. To try to distinguish if the effects in proximo-distal (P/D) pattern and joint development could be temporally separated, we inactivated zfh-2 at different developmental times and examined the leg morphology. When we shifted Dll-Gal4 UAS-GFP/ þ ; UAS-zfh-2i/tub-Gal80 ts larvae from 17 1C to 29 1C at the beginning of the third larval stage, the adults showed a strong reduction and fusion of the tarsal segments and the absence of the tarsal and tibia-t1 joints (Fig. 2H) ; by contrast, in adults derived from larvae of the same genotype shifted at what would be 100-110 h of development at 25 1C, the size of the segments is normal, but the t4/t5 joint is absent ( Fig. 2I, J ; compare with the wildtype in K, L).
The late requirement of zfh-2 to develop the t4/t5 joint is supported by the analysis done with the ap-Gal4 line. apterous expression, required for the development of the fourth tarsal segment (t4) (Pueyo et al., 2000) , has been reported to initiate approximately at the middle of the third larval stage (Pueyo et al., 2000; Kojima et al., 2000; Natori et al., 2012) . Therefore, the effect on the expression of different genes observed when using the apGal4 insertion to inactivate zfh-2, and the associated morphological alterations in these flies, are probably largely independent of any major effect in the P/D axis of the leg, which depends on the activity of morphogens like decapentaplegic (dpp) and wingless until around 84 h of development . Accordingly, and as shown in Fig. 2C , D, in ap-Gal4 UAS-zfh2i legs the t4-t5 joint is absent but the size of the t4 and t5 segments approaches that of wildtype flies. Both the temperature shift experiments with Dll-Gal4 and the analysis of ap-Gal4 UAS-zfh-2RNAi legs suggest that zfh-2 is early required for the growth and pattern function along the leg P/D axis, but that also has a late requirement for the development of the t4/t5 joint.
zfh-2 expression Is regulated by Distal-less and Notch
We stated above that the initial expression of zfh-2 in the leg disc coincides with that of Dll. We therefore investigated if Dll may be regulating zfh-2 expression. As shown in Fig. 3A , A′, we found that Dll mutant clones eliminate zfh-2 signal. The strong ring-like zfh-2 expression pattern observed in pupae suggested that the Notch pathway, which is necessary and sufficient to develop joints and promote growth (de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999) , might also regulate this gene. To confirm this, we looked at zfh-2 when the Notch expression is compromised in t4 and found that the strong expression of zfh-2 in the distal part of this segment is drastically reduced (Fig. 3B, B′) . Moreover, the activity of the Notch pathway is sufficient to ectopically activate zfh-2 expression in the distal leg ( Fig. 3D, D′ ; compare with the wildtype in 3C). Consistently with these results, in prickle spiny leg mutants, in which there are extra tarsal joints (Held et al., 1986) due to the ectopic Notch activity (Bishop et al., 1999; Capilla et al., 2012) , we observed duplicated bands of Zfh-2 in the tarsus (Fig. 3E) . We conclude that Dll is necessary for zfh-2 expression and that Notch activity is necessary and sufficient to induce the expression of zfh-2.
These results indicate that zfh-2 is a target of Notch. However, we have found that zfh-2, in turn, is needed for proper activity of the Notch pathway. In hh-Gal4 UAS-GFP UAS-zfh-2i pupal leg discs, E(spl)mβ-CD2 and bib-lacZ, reporters of Notch activity in the leg discs (de Celis et al., 1998) , are down-regulated in the posterior compartment of the tarsal segments, but not in the proximal region of the leg disc or in the pretarsus (Fig. 3F-F"" ; G, G′). When diminishing zfh-2 expression with the ap-Gal4 driver we see a reduction of bib-Z expression in the t4 segment in 4/6 leg discs (Fig. 3H, H′) . Therefore, zfh-2 is regulated by Notch but also controls some Notch targets.
Interactions of zfh-2 with genes required for joint formation
We have demonstrated a late requirement of zfh-2, once the P/ D axis has been determined, for the development of the t4/t5 joint. This prompted us to study the relationship of zfh-2 with other genes and pathways needed to develop tarsal joints, like the Drosophila activator protein 2 gene (dAP-2), tal and defective proventriculus (dve). These genes are regulated by Notch (Kerber et al., 2001; Shirai et al., 2007; Pueyo and Couso, 2011) , so we tested if they may also be controlled by zfh-2. The strong expression of zfh-2 at the distal end of each tarsal segment was also studied after inactivation of tal, dAP-2 or dve. We have used in our experiments the ap-Gal4 driver to inactivate these genes since this line induces Gal4 expression late in larval development. Because some of our mutant combinations present reduced viability in prepupal stages (unrelated to the effect in the leg discs), we used the tub-Gal80 ts construct in some of our crosses, changing the larvae from 17 1C to 29 1C at the middle of the third larval stage. dAP-2 is a Notch target expressed in all the presumptive joints (like zfh-2) but for the t5 (Kerber et al., 2001; Monge et al., 2001) . To see if there was any relationship between dAP-2 and zfh-2 we looked at dAP-2 transcription when zfh-2 expression was eliminated and vice versa. We found that dAP-2 expression was not modified by a reduction in zfh-2 levels (Fig. 4B , the wildtype in 4A) but that zfh-2 expression was substantially reduced in dAP-2 mutants (Fig. 4C, C′) . tal is a policistronic transcript coding for small peptides (Galindo et al., 2007; Kondo et al., 2007; Pueyo and Couso, 2008) and needed for tarsal segment development (Galindo et al., 2007; Pueyo and Couso, 2008) . In prepupal stages tal is expressed in the presumptive joint region of the tarsal segments, and it is indispensable to develop tarsal joints (Pueyo and Couso, 2011) . The absence of zfh-2 eliminates the expression of tal (Fig. 4E, E' ; the tal wildtype expression is shown in 4D, D′). By contrast, the inactivation of tal does not reduce zfh-2 expression (Fig. 4F, F′) . We have also looked to the possible interaction of zfh-2 with dve. This gene delimits tarsal joint development, and mutations in dve result in extra tarsal joints (Shirai et al., 2007) . In everting prepupal leg discs, dve expression straddles the tarsal segment and partially co-expresses with Notch target reporters like E(spl)mßCD 2 , being also expressed more distally (Shirai et al., 2007) . The dve-lacZ reporter shows expression at both sides of the segmental fold during the prepupal stage (Shirai et al., 2007 ; Fig. 4G, G′) . When zfh-2 is reduced, dve-lacZ expression does not significantly change (Fig. 4H, H′) . Reciprocally, inactivation of dve does not alter zfh-2 expression (Fig. 4I, I′) . Finally, we studied the role of the Dpp pathway in relation to zfh-2, since we have previously reported that sharp boundaries of Dpp signaling induce cell death, needed for tarsal joint formation (Manjón et al., 2007) . When Dpp signaling was reduced by expressing a dominantnegative form of the thick veins receptor, zfh-2 expression was not altered (Fig. 4J, J′) , and in ap-Gal4 UAS-Dcr-2 UAS-zfh2i prepupal legs we detected no change or just a small reduction in the levels of P-Mad, a read-out of Dpp activity, in the ap domain (Fig. 4K, K′) . We conclude that zfh-2 is regulated by dAP-2, that it is required for tal expression, and that it is independent of dve and Dpp signaling in prepupal stages.
Zfh-2 prevents cell death in the leg disc
The phenotype of zfh-2 mutant legs suggested a possible effect of the absence of this gene in promoting apoptosis. Besides, cell The expression of Hid (in red) increases in the leg disc if zfh-2 activity is reduced in the posterior compartment of hh-Gal4 UAS-GFP UAS-Dcr-2 UAS-zfh-2i (line 19.3) prepupal discs. (B, B′) A similar increase in the transcriptional activity of hid, revealed by the hid-lacZ reporter, is seen in the fourth tarsal segment of ap-Gal4 UAS-GFP UAS-Dcr-2 UAS-zfh-2i (VDRC line) hid-lacZ pupae (arrowhead in B′). The domains of expression of the Gal4 lines are marked by GFP, in green in A and B. (C, C′) Activated caspase-3 in the distal early pupal hh-Gal4 UAS-GFP leg disc. The signal varies among different leg discs, due to the dynamic apoptotic pattern, but high levels of cell death are only observed in the most distal part of the disc, the pretarsus region (pr; arrowhead in C′), unrelated to the apoptosis in presumptive joints. (D, D ′) A reduction in zfh-2 expression in the posterior compartment (marked in green in D) of a UAS-zfh-2i (line 15.1)/ þ; hh-Gal UAS-GFP/UAS-zfh-2i (line 19.3) prepupa, increases caspase-3 activity in this compartment (in red). The arrows mark groups of cells with ectopic activated caspase-3 and the arrowhead indicates cell death in the distal leg disc, the pretarsus region (pr), also observed in the wildtype (see C, C'). (E-E"') Snapshots from Supplementary movie 1, showing the accumulation of cells with acridine orange signal (AO, in green; arrowheads in E′′) in the posterior compartment of a prepupal leg disc of the hh-Gal4/UAS-zfh-2i (line 19.3) UAS-Dcr-2 genotype. The posterior compartment is identified by its abnormal morphology. Numbers indicate minutes after the beginning of the movie. (F) Graphic showing the mean number of caspase-3 positive cells in the anterior (A) and posterior (P) compartments of late third instar and prepupal leg discs when the following zfh-2RNAi combinations are expressed in the posterior compartment of these discs with the hh-Gal4 UAS-GFP line: UAS-zfh-2i (line 19.3; n ¼8), UAS-zfh-2i (line VDRC; n¼ 10), UAS-2xzfh-2i (line 15.1 together with line 19.3; n¼ 13) and UAS-zfh-2i (line 19.3) UAS-Dcr-2 (n¼ 13). These numbers are compared with those observed in controls, hh-Gal4 UAS-GFP/þ (n¼10) or hh-Gal4 UAS-GFP/þ ; UAS-Dcr-2/þ (n¼ 12) leg discs. There is no significant difference in the number of cleaved caspase-3 expression between anterior and posterior compartments of leg discs when either GFP or Dcr-2 are expressed in the posterior compartment, but a significant increase in this number occurs in the posterior compartment, as compared to hh-Gal4 UAS-GFP controls, when zfh-2 expression is compromised. Significant differences where obtained with the following p values: *, p o0.05; **, p o 0.01; ***, p o0.005; ****, p o 0.001. Error bars show the Standard Deviation (SD) measured for each data group. "ns", not significant. (G, H) If cell death is prevented in hh-Gal4 UAS-Dcr-2 UAS-zfh-2i (line 19.3) UAS-P35 (G) or in hh-Gal4 UAS-Dcr-2 UAS-zfh-2i (line 19.3) UAS-Diap1 (H) flies, the legs still show abnormal tarsal segments with reduced size (see, for example, t1 in H and G) and absence of claws (arrowheads). death is also a salient feature of tarsal joint formation (Manjón et al., 2007) . Therefore, we decided to investigate apoptosis in the absence of zfh-2. To define the possible function of zfh-2 in regulating cell death we studied the expression of the proapoptotic gene head involution defective (hid) in prepupal legs. We observed expression of a hid-lacZ insertion (Grether et al., 1995) and of anti-Hid protein (Shlevkov and Morata, 2011) in the domains where tarsal folds evolve (Fig. S3A-A′′) . A 10kb construct of the hid regulatory region (Fan et al., 2010) was also expressed at the distal end of each tarsal segment in prepupae (Fig. S3B) . There was co-expression of low levels of zfh-2 and hid-lacZ in a few cells of the presumptive prepupal tarsal joints (Fig. S3C-C'") . However, cells with strong zfh-2 expression were observed more proximally to the hid-lacZ band, and this reporter was also detected more distally, where Zfh-2 protein levels were very low (Fig. S3C-C''' ).
To check if Zfh-2 activity might govern cell death, we looked to the expression of cell death markers when zfh-2 levels are severely reduced. When zfh-2 expression is compromised in the hedgehog (hh) or ap domains of pupal leg discs, Hid is ectopically expressed (Fig. 5A A′; Fig. S4A-A′′, S4B-B′′) . A hid-lacZ reporter also shows slight increased expression in about half of the leg discs (n ¼35) when zfh-2 expression is reduced (Fig. 5B, B' ).
The higher Hid levels of these mutant leg discs correlates with an increase in cell death: we see activated caspase-3 in mutant fixed leg discs ( Fig. 5D, D′; Fig. S4D -D′′, S4E-E′′, compare with the controls in Fig. 5C , C′ and S4C-C′′, respectively), and time-lapse movies of leg discs with reduced zfh-2 expression also show a gain in the acridine orange signal (see Movie 1 in Supplementary material; Fig. 5E E'" ). To analyze cell death, and since apoptosis is dynamic both in wildtype and mutant discs, we have quantified the number of cells dying in late third instar and prepupal leg discs of different mutant genotypes and controls. We have observed that apoptosis is increased when zfh-2 is inactive and more readily detected when the animals carry two zfh-2RNAi constructs or express also the Dcr-2 protein (Fig. 5F ). However, expressing Dcr-2 alone did not significantly increase the number of dying cells (Fig. 5F ). Taking together, our data show that the down-regulation of zfh-2 results in an increase of Hid expression and apoptosis. In spite of the increment in cell death, prevention of apoptosis by the expression of the P35 or Diap1 proteins, which block cell death (Hay et al., 1994; Hay et al., 1995) , did not significantly rescue the t1 size reduction observed in animals with diminished zfh-2 function ( Fig. 5G, H ; compare with hh-Gal4 UAS-zfh-2RNAi legs in Fig. 2G and S2H) .
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2013.10.011.
Homogeneous zfh-2 expression also affects joint development and growth
To study the effect of expressing zfh-2 outside its normal domain we used a UAS-driven protein trap vector, Hostile takeover, inserted upstream of zfh-2 (Perea et al., 2013) . This line includes mcherry as a marker (Perea et al., 2013) , and we refer to this insertion as UAS-zfh-2 or UAS-zfh-2-mcherry. If a stock harboring this line was crossed to a Gal4 driver, zfh-2 expression was induced and this expression partially suppresses a zfh-2 knockdown phenotype (Perea et al., 2013) . When zfh-2 expression was driven in the ap or rn domains, joints were eliminated or severely altered (Fig. 6A, B) . A reduction in tarsal segments size, more evident in rn-Gal4 UAS-zfh-2 adults, was also observed (Fig. 6B) . In accordance with the described effect on joint development, we saw that the expression of Notch target reporters like bib-lacZ and E(spl) mßCD 2 was reduced in these discs (Fig. 6C, C′ and not shown) . When we expressed zfh-2 with the ap-Gal4 driver we also observed more apoptotic cells than in controls, with a significant rise in dying cells close to the boundaries of ectopic zfh-2 expression, both in fixed leg discs and in vivo experiments (Fig. 6D , D′, E; see Movie 2 in Supplementary material; Fig. S5A-A'") . In a recent report, it has also been described that sharp boundaries of zfh2 þ /zfh2 À expression activate puc-lacZ, a JNKdependent reporter of cell death (Perea et al., 2013) . We conclude that either reduction or increased/ectopic expression of zfh-2 perturb Notch signaling and cell death pattern, resulting in similar defects in pattern formation and elimination of joints. Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2013.10.011.
Juxtaposition of different levels of zfh-2 creates epithelial folds
Invaginations within the leg disc epithelium are observed in the regions where tarsal joints will form (Shirai et al., 2007; Manjón et al., 2007) . We found that if we reduced the expression of zfh-2 in the posterior compartment of the leg disc (with the hhGal4 line) or in the primordium of the fourth tarsal segment (with ap-Gal4) the folds that prefigure tarsal joints were absent or abnormal in 63% (n ¼11) or 81% (n ¼11) of the cases, respectively (Fig. 7A , A′ and data not shown). Similarly, an excess of Zfh-2 product in the fourth tarsal segment induced with the ap-Gal4 driver also prevented fold formation between the t4 and t5 (Fig. 7B, B′) . We also found that when cells expressing different levels of zfh-2 abut (by expressing the Zfh-2 protein within a territory with low zfh-2 expression) there was occasionally an accumulation of filamentous actin (detected with phalloidin) and an ectopic folding at the boundary of cells with different zfh-2 levels (Fig. 7C, C′) . This was seen not only in the third instar larval leg disc, but also in the wing disc (Fig. 7D, D′) . We propose that this phenotype may depend on the apposition of cells with very different levels of Zfh-2 product since such folds (and the accumulation of F-actin) were not evident when expressing zfh-2 with the ap-Gal4 or rn-Gal4 drivers (Fig. 7B , B′ and data not shown).
Discussion
The formation of the Drosophila leg provides a good model to study complex processes such as segmentation, pattern formation and joint development. Our study analyzed the role of the zfh-2 gene in the development of the leg and showed that this gene is a key element regulating Notch targets, cell death and pattern formation in this appendage (Fig. 8) .
Notch signaling and zfh-2
Several results argue for a connection between zfh-2 and the Notch pathway during leg development. First, zfh-2 mutant legs display tarsal fusions and reduced size of the distal segments, resembling those reported in mutations that inactivate either Notch (Shellenbarger and Mohler, 1978; Parody and Muskavitch, 1993; de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999; Mishra et al., 2001) or different Notch targets (Hao et al., 2003; de Celis Ibeas and Bray, 2003; Zeidler et al., 2000; Kerber et al., 2001; Monge et al., 2001; Ciechanska et al., 2007; Greenberg and Hatini, 2009; Pueyo and Couso, 2011) . Temperature shifts with a temperature-sensitive allele of Notch produce malformations like fused tibia-tarsus and shortened tarsal segments if the shifts occur during the late second or early third larval instar (Shellenbarger and Mohler, 1978) and we have found similar effects if zfh-2 is inactivated at the same stages. Second, Notch is necessary for zfh-2 expression and can increase zfh-2 levels if ectopically activated. Finally, a reduction of zfh-2 expression compromises the expression of Notch targets like E(spl) or bib. ts UAS-zfh-2-mcherry third instar leg discs, from larvae changed from 17 1C to 29 1C during the late third larval stage; the mcherry expression is marked in red in C), a fold is frequently induced in the epithelium (arrows in C ′; phalloidin in green in C, C′). In this cross we used the tub-Gal80 ts construct to activate zfh-2 late in development and so increase the number of pupae of the desired genotype obtained. (D, D′) A similar fold is induced in wing discs of larvae of the same genotype (arrowhead in D′). The posterior compartment is marked by mcherry expression in red (in D), and phalloidin is in blue in D, in white in D′. Note also that in the hinge, where the endogenous Zfh-2 product is present (Terriente et al., 2008) , no such fold is formed at the zfh-2 þ /zfh-2 À boundary (arrow in D').
Therefore, the gross defects on leg morphology of the absence of zfh-2 can be accounted for by an effect in an early Notch function. zfh-2 expression depends on Notch but it is also needed for the expression of some Notch targets like bib, E(spl) or tal. This mutual dependence is not unique to zfh-2: for instance, the ectopic expression of dve both represses and activates E(spl)mβ-CD2 (Ciechanska et al., 2007) , and the gene d-AP2, although being downstream Notch, requires Notch signaling to promote tarsal joint development (Kerber et al., 2001) ; in another example, tal both regulates and is regulated by Notch signaling (Pueyo and Couso, 2011) . Therefore, zfh-2 adds to the list of genes with a role in regulating and being regulated by Notch signaling.
We tried to discover the mechanism explaining the reduced size of the tarsus. We found that the number of cells entering mitosis in the third instar leg discs of larvae with reduced zfh-2 function is not different from that of controls with an intact zfh-2 function, similarly to what happens in dAP-2 mutants (Kerber et al., 2001 ). Inhibition of cell death does not seem to be sufficient to substantially rescue the growth defect observed after zfh-2 inactivation, either. It may be that a reduction in cell division before the time when we did the shifts experiments contributes to the final phenotype, and/or that the inhibition of cell death is not complete in our experiments. We also note that the morphology of some of the tarsal segments is modified when zfh-2 expression is reduced, being less elongated in the P/D axis, so cell rearrangements may also influence final size and shape. This issue requires a detailed analysis of size and pattern formation in zfh-2 mutant discs during larval and pupal stages.
We have found that the late inactivation of zfh-2 with the DllGal4 driver at 100-110 h of development prevents the formation of the t4/t5 tarsal joint. Down-regulation of zfh-2 with the ap-Gal4 line, which drives expression late in the third larval instar, results in a similar phenotype. This suggests that zfh-2 is also involved in the late Notch signaling, which determines the morphology of the tarsal joints during the final stages of larval development and early pupa (de Celis et al., 1998; Bishop et al., 1999; Rauskolb and Irvine, 1999) . However, we have observed a clear effect only in the t4/t5 joint. We note, nevertheless, that this joint is also the one which is usually absent or malformed when down-regulating zfh-2 with the ci-Gal4 or hh-Gal4 drivers throughout development. It may be that cells that will develop the t4/t5 joint respond more strongly than the other tarsal joints to a reduction of zfh-2 activity, and that only a complete elimination of this gene will reveal a need for late zfh-2 function in other tarsal joints. Alternatively, the t4/t5 joint may specifically require the Zfh-2 protein late in development: the fold that prefigures that joint develops later that the rest of the tarsal folds, at the prepupal stage, and the t4/t5 joint is slightly different from the other tarsal joints (Tajiri et al., 2010) , suggesting particular genetic requirements to form this structure. It is possible that the time required to eliminate the Zfh-2 protein after the temperature shift in Dll-Gal4 UAS-zfh-2RNAi tub-Gal80 ts larvae is long enough to prevent a substantial effect in joint morphogenesis except in the t4/t5 joint, whose development is delayed with respect to the rest of the joints. In any case, at least for the t4 and t5 segments we have demonstrated an early and a late requirement for zfh-2.
By using the ap-Gal4 line we have studied the interaction between zfh-2 and some components of the gene network needed to promote tarsal joints, including tal, dve, dAP-2 and Dpp signaling (Kerber et al., 2001; Monge et al., 2001; Manjón et al., 2007; Shirai et al., 2007; Pueyo and Couso, 2011) . We have found that zfh-2 is required to maintain tal expression in everting prepupal discs. A reduction of tal expression down-regulates the expression of bib (Pueyo and Couso, 2011) , something similar to what we have described when inactivating zfh-2 with the ap-Gal4 line. Therefore, it is possible that the role of Notch signaling in regulating tal (Pueyo and Couso, 2011 ) is mediated by zfh-2. Our experiments have shown that zfh-2 is regulated by dAP-2 but that reducing zfh-2 does not change dAP-2 expression, and that zfh-2 works independently of dve. Another indication of the independent role of zfh-2 and dve is that dve is required to repress dAP-2 (although it has also been reported that dve does not regulate dAP-2, Ciechanska et al. 2007) but not E(spl) (Shirai et al., 2007) , whereas zfh-2 does the opposite. Thus, zfh-2 is controlled by Notch but regulates only some Notch targets. Finally, the inactivation of Dpp signaling at late larval stages does not affect zfh-2 prepupal expression, and a reduction in zfh-2 with the ap-Gal4 driver does not, or only mildly, affects the activation of the Dpp pathway.
Previous experiments argue that growth and joint determination are functionally linked: for example, clones mutant for Notch only reduce the size of the tarsal segments if including a joint (de Celis et al., 1998) , and the ectopic activation of the Notch pathway cause not only new joints but also extra tissue growth in some conditions (Rauskolb et al., 1999) . Although the reduction in zfh-2 activity makes legs with similar effects to those of absence of Notch signaling, such as tarsal growth reduction and joint malformations, the ectopic expression of zfh-2 with the ap-Gal4 or rnGal4 drivers do not results in extra growths or supernumerary joints; rather, both growth and joints are reduced or absent. This suggests that zfh-2 does not reproduce all the Notch pathway activity. This is consistent with the observation that not all Notch targets that we have tested are affected when reducing zfh-2 expression. The ectopic expression experiments further suggest that a tight regulation of zfh-2 distribution and levels of expression is required for a normal leg development. Similarly, reduction or ectopic/increased expression of dAP-2 or RhoGAP68F (Greenberg and Hatini, 2011 ) also prevents joint formation and affects final size of the tarsus.
Zfh-2 and cell death
The requirement of cell death is a characteristic of tarsal joint formation (Manjón et al., 2007) . This cell death may be mediated by the proapoptotic gene hid, since the Hid protein and the hid-lacZ reporter are specifically expressed in the most distal part of each tarsal segment, where apoptosis occurs. Our experiments show that when zfh-2 levels are reduced the expression of the Hid protein is no longer restricted to the joint domain.
Although we detect an increase in hid expression in many cells when zfh-2 expression is compromised, activated caspase-3 shows a significant but variable ectopic pattern of expression. This could be due to the very dynamic pattern of cell death, as observed with the acridine orange fluorescence in vivo. Alternatively, Hid function may be modified by other signals. It is known that the activity of Ras, a component of the Egfr pathway, prevents the execution of the apoptotic program induced by Hid (Bergmann et al., 1998) , and that the activity of the Egfr pathway is modulated in the tarsal segments (Galindo et al., 2005) . It is possible, then, that this pathway regulates caspase-3 activation in the absence of zfh-2. In any case, our results demonstrate that zfh-2 is a gene necessary to restrict a pattern of cell death to the distal end of each tarsal segment. We also note that some apoptosis is detected when cells with different zfh-2 levels abut, suggesting a complex, perhaps dual, role of this gene in promoting cell death at the joint and restricting it outside it.
In several embryonic segmentation mutants, mis-specified cells die by inducing hid (Werz et al., 2005) . Absence of the Cut transcription factor causes cell mis-specification and cell death in spiracular branch tracheoblasts (Pitsouli and Perrimon, 2010) or in the filzkörper cells of posterior spiracles (Zhai et al., 2012) . Similarly to cut, zfh-2 may be a gene required for the developmental program of certain cells and whose absence results in hid activation and programmed cell death. zfh-2 is also related to the human transcription factor ATBF1, whose absence has been associated with malignant tumors (Kataoka et al., 2001; Sun et al., 2005) . The relationship of zfh-2 with tumor development has not been demonstrated, but its role as suppressor of cell death suggests a possible link, as it happens in the cut gene, whose absence also induces apoptosis and tumoral growth in a sensitized background (Zhai et al., 2012) .
Zfh-2, morphogenesis and evolution
We have shown that when cells with different levels of zfh-2 are apposed, a fold, as revealed by phalloidin accumulation, is frequently observed. This suggests that zfh-2 might play a role in the mechanism that leads to the formation of the folds prefiguring joint development. The folds in the distal pupal leg are also affected when zfh-2 expression is compromised. We have detected a reduced expression of the light regulatory chain of non-muscle myosin II in cells with low zfh-2 expression (data not shown), hinting at a link between myosin activity and zfh-2, which may contribute to fold morphogenesis.
The requirement for zfh-2 in leg development has been conserved in evolution. The inactivation of the zfh-2 homolog in Tribolium castaneum causes two kinds of phenotypes: fused leg segments (fusion of femur and tibiatarsus, with absence of the joint between them) sometimes accompanied by outgrowths, and a reduced and rounded claw (Kittelmann et al., 2009 ). Some of these phenotypes are similar to those described here, underlining the functional conservation of zfh-2 activity in different species. The complex genetic regulation required for the development of joints and segments may have used the zfh-2 gene as a fundamental actor.
